Concentrating solar power receivers are comprised of panels of tubes arranged in a cylindrical or cubical shape on top of a tower. The tubes contain heat-transfer fluid that absorbs energy from the concentrated sunlight incident on the tubes. To increase the solar absorptance, black paint or a solar selective coating is applied to the surface of the tubes. However, these coatings degrade over time and must be reapplied, which reduces the system performance and increases costs. This paper presents an evaluation of novel receiver shapes and geometries that create a light-trapping effect, thereby increasing the effective solar absorptance and efficiency of the solar receiver. Several prototype shapes were fabricated from Inconel 718 and tested in Sandia's solar furnace at an irradiance of ~30 W/cm 2 . Photographic methods were used to capture the irradiance distribution on the receiver surfaces. The irradiance profiles were compared to results from raytracing models. The effective solar absorptance was also evaluated using the ray-tracing models. Results showed that relative to a flat plate, the new geometries could increase the effective solar absorptance from 86% to 92% for an intrinsic material absorptance of 86%, and from 60% to 73% for an intrinsic material absorptance of 60%.
INTRODUCTION
In concentrating solar power, the mirror collector field concentrates the sunlight onto a receiver located on top of a tower to heat up a heat-transfer working fluid (HTF). The hot working fluid can then generate steam to run a power cycle that produces electricity. Figure 1 illustrates a power tower system with the different subsystems identified. Current solar receivers are comprised of panels of tubes arranged in a cylindrical or cubical shape. The tubes contain HTF that absorbs energy from the concentrated sunlight incident on the tubes. To increase the solar absorptance, black paint or a solar selective coating is applied to the surface of the tubes. Previous research has focused on the development of solar selective coatings that increase solar absorptivity and reduce thermal emissivity to improve the receiver thermal efficiency [1] [2] [3] [4] . These coatings, however, degrade over time and must be reapplied at regular intervals, which can reduce the system and lifetime performance and increase operation and maintenance (O&M) costs.
We propose to develop fractal-like receiver designs employing light-trapping structures and geometries at multiple length scales to increase the effective solar absorptance and efficiency of high temperature receivers without the need for selective absorber coatings or high-temperature paints. Fractal-like designs have initially been shown to increase receiver thermal efficiency by up to 10% and are especially effective with solar absorptances less than 90% [5] . The elimination of selective receiver coatings can reduce materials and O&M costs. These fractal-like patterns can also be applied to falling particle receivers to take advantage of light-trapping behavior. Falling particle receivers, under development at Sandia National Laboratories (SNL), can reach temperatures higher than 700°C with efficiencies greater than 90%.
A number of companies and universities have presented and published work on unique receiver geometries. In 2013, Garbrecht, et al. [6] evaluated pyramid shape receiver structures for molten salt power tower use. The pyramid structures extended from the base of the receiver and the peaks faced the incoming solar radiation. It was shown that reflection losses could be reduced by 1.3% and thermal emission losses reduced by 2.8%. The difficulty with these structures was achieving HTF flow in the peaks of the pyramids and hot spots developed at these locations. The SNL fractal receivers use round tubes to achieve desired patterns or consist of tube geometries that can be tailored to avoid these flow issues. Initial work in fractal-like geometry designs at SNL as part of an internal laboratory directed research project has focused on required geometric shapes and tube geometries to achieve improved optical properties [5] . The Heat transfer coefficients within receiver tubes can be modified using internal structures or corrugations as studied by DLR [7] . Tube geometries were evaluated in this study and found that an efficiency increase of 11.6% could be achieved using parallel tubes with corrugated internal structures. Another recent work considering fin structures within a parabolic trough receiver envelope was developed by Kasperski, et al. [8] . This work showed that fin structures within the envelop cavity could increase efficiency by 13%. The work at SNL will consider "building in" internal tube structures through additive manufacturing techniques, in addition to the outer geometric designs, to enhance heat transfer and efficiency. The National Renewable Energy Laboratory (NREL) developed a super-critical CO 2 receiver design that takes advantage of alternative receiver geometries to increase efficiency. NREL showed that 92% efficiency can be achieved with a bladed receiver design [9] , which was described by Ho, et al. [10] . The receivers can be utilized for molten salt, super-critical CO 2 , or other HTFs. Australia National University (ANU) is investigating bladed receiver designs that enhance light-trapping. This research will feed into the CFD modeling of receivers and will be validated through on-sun testing of an ANU developed bladed receiver module. The analysis of the new bladed receiver design will undergo flow tests before actual heating tests to evaluate fluid dynamics of the alternative receiver geometric configurations.
This paper presents an evaluation of novel receiver shapes and geometries that create a light-trapping effect, thereby increasing the effective solar absorptance and efficiency of the solar receiver. Several prototype shapes were fabricated from Inconel 718 and tested in SNL's solar furnace at an irradiance of ~30 W/cm 2 . Photographic methods were used to capture the irradiance distribution on the receiver surfaces. The irradiance profiles were compared to results from raytracing models. The effective solar absorptance was also evaluated using the ray-tracing models. Results showed that relative to a flat plate, the new geometries could increase the effective solar absorptance from 86% to 92% for an intrinsic material absorptance of 86%, and from 60% to 73% for an intrinsic material absorptance of 60%.
it

APPROACH
At SNL solar thermal receiver designs with hierarchical fractal-like structures over a range of length scales (sub-micron to meters) are being developed and evaluated to increase the solar absorptance and thermal efficiency of concentrating solar power system [5] . Figure 2 shows a conventional CSP receiver and diagrams of fractal-like receiver at multiple scales. At the macro scale (~0.1 -10 m), radial and linear geometries that increase light trapping and solar absorptance are proposed as an alternative to the cylindrical or cubical shapes that have been used in conventional power tower receivers. The panels of tubes that form the macro-scale structures can also consist of similar light-trapping geometries at the meso-scale (~0.1 -1 cm). On the surface of the fluid-carrying tubes, micro-scale structures (~sub-microns to microns) can be deposited as a coating to further enhance solar absorptance. Embodiments of macro-and meso-scale receiver designs are shown in Figure 3 . Both radial and linear designs have been developed to reduce the solar radiative losses to the environment. Reflected light is redirected toward the interior of the receiver, which is in contrast to cylindrical and cubical shapes that reflect any incoming light back to the environment. The macro-scale fractal-like receiver designs can accommodate both surround and directional (e.g., southfacing) heliostat fields. The designs can incorporate hat-like features to reduce radiative and convective losses from the top of the receiver, and the linear patterns can be oriented either vertically or horizontally. The linear panels (bottom left image in Figure 3 ) can also be placed side-by-side in a cylindrical pattern to accommodate a surround heliostat field. The meso-scale fluid-carrying tubes employ similar features and geometries to trap the light and increase solar absorptance, also shown in Figure 3 . The tubes can be placed side-by-side or in various configurations to form the panels of tubes shown in the macro-scale designs. Additive manufacturing methods such as 3D printing, laser engineered net shaping (LENS), and powder bed fusion techniques are being evaluated to fabricate these structures. Filleted or rounded structures may be needed to reduce stress from thermal gradients or high internal fluid pressures. Optimization of these designs based on structural analyses is on-going. The current work reported here focuses on fractal-like geometries at the meso-scale. Preliminary testing to evaluate the irradiance distribution and absorbed power has also been performed and compared to the models. . Figure 3 . Examples of fractal-like receiver designs at the macro-(left) and meso-(right) scales. The meso-scale designs are tubes that carry the heat transfer fluid and comprise the panels of tubes at the macro-scale with similar light-trapping geometries.
Meso-scale receiver parts with fractal-like geometries that were fabricated and tested are shown in Figure 4 . The parts were fabricated using the power-bed fusion technique at GPI Prototype & Manufacturing Services, Inc. Inconel 718 was used to build the parts. All the receiver parts are 5 cm tall. The flat plate was used as a baseline for comparison to the other geometries. These receiver parts are envisioned to carry the working fluid in macro-scale receiver designs.
Flat Plate 0° Offset Tubes 30° Offset Tubes 45° Offset Tubes Diamond Tubes Offset Rectangles Figure 4 . Prototype meso-scale fractal-like receiver parts fabricated with power-bed fusion technique of additive manufacturing using Inconel 718. The parts are all 5 cm tall and were tested on-sun in the solar furnace at ~30 W/cm 2 .
On-Sun Testing
The solar furnace at the SNL National Solar Thermal Test Facility (NSTTF) can provide 16 kW thermal power and up to 700 W/cm 2 peak irradiance over a 5 cm spot size. The solar furnace consists of a sun-tracking heliostat (95 m 2 ) which directs the sunlight towards a fixed dish concentrator (6.7 m diameter) housed in a building. The dish focal length is 4.1 m where the test articles are placed. Just outside the building between the heliostat and dish is a louver type attenuator system which controls the amount of light that is incident on the dish. The solar furnace facility is shown in Figure 5a The receiver parts (shown in Figure 4) were placed, in pristine conditions (i.e., unoxidized), at the focus of the dish concentrator one part at a time. The variable attenuator was then opened to 5% and the parts were illuminated for up to two minutes until the surface temperature reached ~700°C as measured with an infrared camera. The 5% attenuator opening provided ~30 W/cm 2 . Photographs of the receiver parts, using a digital camera, before and immediately after opening attenuator and about a minute after were captured. Figure 4b shows two receiver parts before and after exposure. The photographs were then analyzed with the PHLUX tool [11] . The results of the PHLUX analyses are shown in Figure 7 .
Before exposing the flat plate sample, its reflectance was measured with the Surface Optics 410-Solar reflectometer which showed 24% average reflectance. The reflectance was measured again after exposure, which showed a reflectance of 14%. The reduced reflectance is due oxidation of the samples under extended high temperature. Figure  5b ,c shows the part being oxidized after exposure to concentrated solar radiation. It was suggested that these uncoated, fractal-like receivers can be oxidized in-situ using concentrated solar to minimize additional processing of the receiver. 
Optical Modeling
Optical models were developed in SolTrace, a freely available solar optical ray-tracing tool developed by NREL [12] . The solar furnace was modeled with the heliostat and concentrating dish. To calibrate the optical model, the solar furnace was first calibrated. Using a Kendall radiometer at the dish focus, the peak concentrations were measured at different attenuator settings (see plot in Figure 6a) . A 0% attenuator setting is when the attenuator completely closed, and a 100% attenuator setting is when it is completely open. With the attenuator completely open, a peak concentration of about 7,000 was reached. This data was used to calibrate the SolTrace model of the solar furnace. When the fractallike receiver parts were tested on-sun, an attenuator setting of 5% was used, which provided about 30 W/cm 2 peak concentration. The SolTrace model was adjusted accordingly (i.e., the incident irradiance on the heliostat was adjusted) such that the peak irradiance on a flat plate also showed ~30 W/cm 2 (as shown in Figure 6b ). The optical parameters (i.e., reflectance and slope errors) of the heliostat and dish were also adjusted such that the beam profile on the flat plate matched that of the actual measured irradiance distribution on a flat plate, water-cooled target.
The meso-scale receivers were designed using SolidWorks CAD. The CAD geometry files (STL) were imported into SolTrace, where the receiver parts were moved to the focus of the furnace dish. Any shifts and rotations of the receiver parts relative to the dish optical axis (during on-sun testing) were accounted for in the optical models. 
RESULTS AND DISCUSSION
On-Sun Testing and Comparison to Optical Models
On-sun tests were performed on the meso-scale receiver parts at the 16 kW th solar furnace to evaluate the light trapping effects of fractal-like structures relative to flat surfaces. The attenuator was adjusted (5% open) to allow approximately 30 W/cm 2 of peak irradiance onto the samples until the temperature of the samples reached ~600 -700 °C as measured with an infrared (IR) camera. The IR camera images are provided in the Appendix. Images from a digital camera were recorded and processed using the PHLUX method to determine the relative irradiance distribution on each sample. These were then compared to ray-tracing simulations (Figure 7) . Ray-tracing results show a similar irradiance patterns as the PHLUX processed images. Although it is difficult to tell the amount of light-trapping achieved from these images, the ray-tracing results, described in the next section, shows that absorptance is improved for the fractal-like geometries due to their light-trapping properties. That is, the incident radiation is being directed into the valleys of the corrugations and getting trapped and absorbed. Figure 7 . Exposure of the fractal-like receiver parts in the solar furnace at ~30 W/cm 2 (center column) and the corresponding optical models (right column). The left column shows the photographs of the receiver parts during exposure.
Absorptance Improvement from Optical Models
Using the SolTrace optical models of the receiver parts in the solar furnace, the effective absorptance from each part was determined. Five million rays were traced for this analysis. The analysis was performed in two steps. The first step was to determine the total solar power incident on the receiver surfaces. This is single incidences of the solar rays on the receiver surfaces after which the rays were terminated. In the second step, the incident solar rays were allowed to reflect off the receiver surfaces multiple times. On a flat surface, the rays reflect only once and the reflected rays are lost into the atmosphere. However, for the fractal-like receiver geometries, there can be multiple reflections between the surfaces and into corrugations causing a light-trapping effect. This leads to more absorption of the incident solar radiation by the receiver surfaces. The ratio of the total absorbed solar radiation and the total incident solar radiation were taken. The result for each receiver part is shown in Figure 7 for two different intrinsic material absorptances. Results show that relative to a flat plate, the new geometries could increase the effective solar absorptance from 86% to 92% for an intrinsic material absorptance of 86% (e.g., oxidized Inconel 718), and from 60% to 73% for an intrinsic material absorptance of 60% (e.g., alumina). This significant finding shows that fractal-like receiver designs employing lighttrapping structures and geometries at multiple length scales can increase the effective solar absorptance and efficiency of high temperature receivers without the need for selective absorber coatings or high-temperature paints. Figure 8 . Results of the optical simulations showing absorptance improvements from the fractal-like receiver geometries relative to a flat plate receiver.
CONCLUSION AND ON-GOING WORK
Fractal-like structures and geometries at multiple lengths scales are proposed for development at SNL to increase the effective solar absorptance and thermal efficiencies of receivers for concentrating solar power applications. Radial and linear patterns include light-trapping structures and geometries that can reduce the amount of reflected solar radiation and thermal radiative losses. Several prototype meso-scale receiver parts were manufactured out of Inconel 718 using additive manufacturing. The receiver parts were evaluated under the solar furnace at ~30 W/cm 2 . Optical models of meso-scale fractal-like structures were also developed and compared to the results of the on-sun tests performed in the solar furnace to evaluate the light-trapping capabilities of low absorptance materials. Results showed that both tests and simulations of the irradiance distribution on corrugated samples produced greater irradiances in the valleys of the corrugations that promoted higher solar absorptance relative to the flat samples. Relative to a flat plate, the new geometries could increase the effective solar absorptance from 86% to 92% for an intrinsic material absorptance of 86%, and from 60% to 73% for an intrinsic material absorptance of 60%.
Ongoing tests and simulations will evaluate materials with different solar absorptances, and macro-scale tests with calorimetry are being designed. Optimization of these designs based on structural analyses is also ongoing. Preoxidation of the receiver parts before exposure to concentrated solar is also being investigated.
APPENDIX
A.1 Surface Temperature Measurements during On-Sun Testing
In addition to the photographs captured with a digital camera, images were also collected using an infrared thermal imager. The images are shown in Figure 9 . Thermal imaging showed that surfaces of the receiver parts reached temperatures of about 700°C when exposed to ~30 W/cm 2 peak irradiance in the solar furnace.
Flat Part 0° Offset Tubes 30° Offset Tubes 45° Offset Tubes Diamond Tubes Offset Rectangular Tubes Figure 9 . Images from IR camera during exposure of the meso-scale fractal-like receiver parts in the solar furnace at ~30 W/cm 2 . The colorbar scales are the same for all images ranging from 600 to 700°C.
